The ignition delay times of diluted hydrogen / reference gas (92% methane, 8% ethane) / O 2 / Ar mixtures with hydrogen contents of 0, 40, 80 and 100% were determined in a highpressure shock tube at equivalence ratios  = 0.5 and 1.0 (dilution 1:5). The temperature range was 900 K  T  1800 K at pressures of about 1, 4 and 16 bar.
Abstract
The ignition delay times of diluted hydrogen / reference gas (92% methane, 8% ethane) / O 2 / Ar mixtures with hydrogen contents of 0, 40, 80 and 100% were determined in a highpressure shock tube at equivalence ratios  = 0.5 and 1.0 (dilution 1:5). The temperature range was 900 K  T  1800 K at pressures of about 1, 4 and 16 bar.
The reference gas and the 40% hydrogen / 60% reference gas data showed typical characteristics of hydrocarbon systems and can be represented by: The pure hydrogen data exhibit a more complex pressure dependence with the 16 bar values having the slowest ignition delay times at lower temperatures and the fastest ignition delay times at higher temperatures. No dependence on the equivalence ratio was observed.
The 80% hydrogen / 20% reference gas data display characteristics of hydrocarbon and hydrogen systems.
The comparison of the measurements to MPFR-CHEMKIN II simulations with different mechanisms shows that the predictions of all tested mechanisms with the exception of the GRI3.0 agree well with the experimental values for reference gas, 40% hydrogen / 60% reference gas and partly for 80% hydrogen / 20% reference gas and 100% hydrogen. None of the mechanisms can represent the observed reduction of the activation energy at low
Introduction
Due to limited resources the use of good quality natural gas will decrease in the near future. It will be replaced by gasification products out of biogenic sources, waste, oil residues and coal or by low quality natural gas [1] [2] [3] . The use of biogenic sources offers the advantage of CO 2 neutrality. For the efficient use of biomass or coal the gasification can be combined with the power generation in one plant (IGCC: Integrated Gasification Combined Cycle). This concept which also offers low emissions and a cost-effective possibility of CO 2 capture for sequestration is currently under development and some demonstration plants already exist [4] .
Main products of the gasification are H 2 , CO, CO 2 , CH 4 and C 2 H 6 [5, 6] .
There are only very few ignition delay studies of these mixtures at gas turbine relevant conditions. Therefore we studied fuel mixtures containing hydrogen and reference gas (92% methane, 8% ethane), a natural gas model fuel, with hydrogen contents of 0, 40, 80 and 100%.
The data are important for the design of new gas turbine concepts which are necessary because the hydrogen content leads to high laminar flame speeds and combustion temperatures and to short ignition delay times. These can also cause safety problems due to self-ignition and flashback.
The data of pure hydrogen are also important because hydrogen is expected as a future fuel and for the understanding of the combustion characteristics of syngas (CO, H 2 ), which is also a main gasification product. Some recent studies at gas turbine relevant conditions showed that the ignition of syngas with more than 20% hydrogen is dominated by the H 2 subsystem and that current literature mechanisms are not able to predict the ignition delay times [7] [8] [9] [10] [11] . Therefore further studies of the H 2 kinetic systems at these conditions were necessary.
The ignition delay times of the hydrogen / reference gas mixtures were studied at 1, 4 and 16 bar because data at different pressures are necessary for the development of new gas turbine concepts. The testing of the prototypes starts at atmospheric pressure. For the extrapolation to the real high pressure conditions of the technical use the pressure dependence of ignition delay times must be known. Contrary to hydrocarbon dominated systems which show a p A good overview of literature studies of the ignition delay times of methane, natural gas and methane mixtures with higher hydrocarbons and hydrogen is given by de Vries and Petersen [9] . Hydrogen autoignition studies were compiled by Mittal et al. [8] .
Experimental
The experiments were carried out in a high pressure shock tube with an internal diameter of 98.2 mm. It is divided by aluminium diaphragms into a driver section of 5.18 m and a driven section of 11.12 m in length. The driven section can be pumped down to pressures below 10 -6 mbar by a turbomolecular pump. Gas mixtures were prepared manometrically in a stainless steel storage cylinder, which is evacuated using a separate turbomolecular pump to pressures below 10 -6 mbar. The shock speed was measured over three 20 cm intervals using four piezoelectric pressure gauges. The temperature and pressure behind the reflected shock wave were computed from the measured incident shock speed and the speed attenuation using a onedimensional shock model. The estimated uncertainty in reflected shock temperature is less than 15 K in the temperature and time range of our measurements. shown in these report were determined by measuring the time difference between the initiation of the system by the reflected shock wave and the occurrence of the CH* or the OH* maximum because this allows a good comparability to the simulations. The OH* maximum was used for pure hydrogen whereas for all other fuels, the CH* maximum was used.
The experimental setup allows measurements of ignition delay times at constant pressure and temperature conditions for observation times < 4.5 ms.
The purity of the shock tube was tested by measuring the hydrogen atom background by H-ARAS (atomic resonance absorption spectroscopy). At the relevant temperature range of our ignition delay study the H atom background was below the detection limit of 2x10 10 cm -3 [13] .
This concentration is low enough so that the effect on the ignition delay times is negligible although the hydrogen system is very sensitive to hydrogen atom impurities.
Results
The ignition delay times of hydrogen / reference gas (92% methane, 8% ethane) mixtures bar with an equivalence ratio  = 0.5 (black line) shows a two-step increase due to the incident and reflected shock wave (time zero) followed by a constant pressure for about 2000 µs, a slow increase due to heat release of the reacting system and a steep rise at 3600 µs. The CH* emission (grey line) remains at zero level for 3600 µs, followed by a steep rise indicating ignition.
Discussion
The individual ignition delay times evaluated from the CH* or OH* (hydrogen experiments) emission signals are summarized in figs. 2-7. A list of all experimental results is given as supplemental material. It can be seen that for all conditions the ignition becomes faster with increasing hydrogen content.
Pressure and equivalence ratio dependence of the ignition delay times
The pressure dependence is shown in figs. [8] [9] [10] [11] [12] [13] [14] [15] . The data of reference gas and 40% hydrogen / 60% reference gas exhibit a pressure behavior which is typical for hydrocarbon systems. The ignition delays become shorter with increasing pressure with a factor of p 0.5 and with decreasing equivalence ratio with a factor  0.59 (reference gas) and  0.75 (40% hydrogen / 60% reference gas), respectively. The activation energy of the system with 40% hydrogen is considerably lower. The data can be fitted by: R1a becomes dominant at higher pressures whereas R1b becomes dominant at higher temperatures because of its activation energy. If R1a is considerably faster as R1b, the ignition delay times are increased because less chain branching occurs by reaction R1b.
Therefore the ignition of the pure hydrogen system at 16 bar and T < 1100 K is slower than at 4 and 1 bar because R1a, which is close to the low pressure limit [14] , is about 4 or 16 times faster at the higher pressure, see figs. 12 and 13. This exceeds the effect of the higher absolute concentrations due to the higher pressure which dominates at higher temperatures and hydrocarbon systems. The crossing of the data at 4 and 1 bar is at a lower temperature (1000 
Simulation of the ignition delay times
The measured data were compared to MPFR-CHEMKIN II [15] predictions of literature mechanisms (GRI3.0 [16] , LEEDS1.5 [17] , Petrova and Williams [18] , Petersen et al. [19] ).
Additional comparisons were made to the RD mechanism, which is based on the RAMEC mechanism of Petersen, Davidson and Hanson [20] with additions made at the DLR Stuttgart concerning the C 2 H 5 , the formaldehyde, the acetaldehyde and the C 2 H 6 system. Reactions 
Conclusions
The current work offers a broad range of data at gas turbine relevant pressure and temperature 100% hydrogen, circles: 80% hydrogen / 20% reference gas, triangles: 40% hydrogen / 60% reference gas, stars: 100% reference gas. MPFR-CHEMKIN II [15] simulations:
black lines: RD-mechanism, grey lines: Leeds1.5 [17] mechanism. Dashed-dotted line:
100% hydrogen, dotted line: 80% hydrogen / 20% reference gas, dashed line: 40%
hydrogen / 60% reference gas, full line: 100% reference gas. 100% hydrogen, circles: 80% hydrogen / 20% reference gas, triangles: 40% hydrogen / 60% reference gas, stars: 100% reference gas. MPFR-CHEMKIN II [15] simulations:
100% hydrogen, dotted line: 80% hydrogen / 20% reference gas, dashed line: 40% hydrogen / 60% reference gas, full line: 100% reference gas. 100% hydrogen, circles: 80% hydrogen / 20% reference gas, triangles: 40% hydrogen / 60% reference gas, stars: 100% reference gas. MPFR-CHEMKIN II [15] simulations:
100% hydrogen, dotted line: 80% hydrogen / 20% reference gas, dashed line: 40% hydrogen / 60% reference gas, full line: 100% reference gas. List of supplemental material: Supplemental material Table S1 : Experimental results 
